Introduction
High-k gate dielectrics are attracting great interest as replacement for the nitrided-SiO 2 gate oxide films [1] [2] [3] . However, the thermal stability is a challenge for the high-k gate dielectrics due to the crystallization during the integration thermal processes. It will result in the degradation including gate leakage current, breakdown voltage and reliability problems. Appropriate fluorine atoms incorporation into gate oxide has proposed to improve breakdown-distribution tails in Weibull plots [4] and the interfaces of the fluorinated oxide are more resistant to radiation damage [5] .
In this work, fluorine atoms were ion implanted into the HfO 2 /Si interface to improve the characteristics of HfO 2 gate dielectrics including the leakage current, breakdown voltage, stress induced leakage current, and thermal stability while maintaining the effective oxide thickness (EOT) of 2.5 nm.
Experiments
The MOS capacitors were fabricated on p-Si (100) wafers. The key process of fluorine implantation into HfO 2 thin films was shown in Fig. 1 . Fluorine ions were implanted through 30 nm screen oxide films at a low energy of 25 keV. The dosage of fluorine implantation were 1×10 13 /cm 2 and 1×10 15 /cm 2 . Thermal stability was evaluated by postdeposition anneal (PDA) which was annealed in the N 2 ambient for 30 seconds at temperatures of 700, 800 and 900℃, respectively. The electrical properties can be analyzed by HP 4284 for capacitance-voltage (C-V) characteristics, and Keithly 4200 for I-V and SILC curves.
Results and discussion
The structural stability of the Al/HfO 2 /Si MOS capacitor was investigated using TEM as shown in showed the well thin film quality as illustrated in this figure. The fluorine was accumulated mainly at this interfacial layer (IL) for the sample with F dose of 1x10 15 cm -2 as shown in Fig. 3 by using secondary ion mass spectroscopy (SIMS). The physical model shown in Fig. 4 would explain the distribution of fluorine atoms after implantation. In addition, from the XRD data (Fig. 5) , HfO 2 films with fluorine implantation would not be crystallized after thermal annealing.
The C-V curves of these films were shown in Fig. 6 . The flat band voltage of the samples without annealing was higher due to the plasma damage induced by the sputter of HfO 2 thin films and greatly improved after thermal annealing. For the HfO 2 films with only RTA process, C-V distortion at the high negative gate bias was observed owing to the crystallization induced leakage current. Besides, high thermal stability in the EOT change was obtained for the fluorine-implanted samples as shown in Fig. 7 . Fig. 8 displays the J-V characteristics for all samples with and without RTA annealing. As we can see, the leakage current of the as-deposited samples was much larger than that of the fluorine-implanted samples. In addition, the HfO 2 films with fluorine implantation exhibit superior thermal stability in gate leakage as shown in Fig.  9 . With the increase of the annealing temperature, the increase of gate leakage current for the fluorine-implanted samples was significantly diminished. This indicated that the fluorine incorporation reduces the defect density at the bulk HfO 2 film and the HfO 2 /IL interface. Fig. 10 shows the stress induce leakage current (SILC) characteristics of the HfO 2 films. Compared to the as-deposited sample, the HfO 2 films with fluorine implantation presents less SILC current, which is due to the defect density being reduced (Fig. 11) . Therefore, the fluorine incorporation would improve the charge trapping effect in HfO 2 gate dielectrics [2] . Fig. 12 demonstrates the charge trapping characteristics of these samples. The reduced gate voltage shift is obtained for the increased dosage of the fluorine implantation.
Conclusion
A novel approach to improve the thermal stability of the HfO 2 films by fluorine implantation was proposed and systematic studied. Fluorine incorporation into HfO 2 thin films improved the characteristics including gate leakage current, reliability problems and thermal stability. The technology used in high-k films is quite effective and suitable for future ULSI application. 
